With the increasing deployment of solar systems in buildings in urban environments, a future scenario of high photovoltaic penetration is expected to produce impacts on the distribution grid. One of the challenges relates to the power balance at the power transformers, which might not have sufficient spare capacity to accommodate the solar electricity feed in. In this work, we estimate the power balance at the transformers in a small urban area of Lisbon, Portugal, considering full deployment of PV, installed on rooftops and building façades. The PV potential is estimated through two different approaches: the simplified Peak power method, which considers the typical peak power of a module and the available area, and the more labour-intensive Irradiance method that accounts for hourly time step solar irradiance and demand data or simulations.
Introduction
It is acknowledged that solar photovoltaics (PV) is one of the key players in future's energy matrix of most countries in the world, due to the abundant resource and the sustained drop in the prices of this technology. Also, the PV market has been offering more solutions for aesthetical integration of PV in the building envelope, which make PV more popular and appealing to residents in urban environments. Fortunately, PV installations in the urban landscape are becoming more common as citizens, architects and promoters realise the many advantages of this technology, as well as selfconsumption regulations that contemplate more favourable conditions for the consumer-prosumer status.
The increase in popularity of building integrated photovoltaics (BIPV) raises concerns on the impacts on the electricity supply grid at different times of the day. Thus, it becomes relevant to assess the possible outcomes of high PV deployment, including voltage rise and fluctuations, power fluctuations and reverse flow, power factor changes, frequency regulation and harmonics, unintentional islanding, fault currents and grounding issues, etc [1] . These impacts are thoroughly described in Ref. [2] , including a comprehensive discussion on mitigation approaches and barriers. One of the challenges resides in the fact that the transformer power capacity must be large enough to accommodate all the surplus electricity from PV systems that is being fed into it, which might not be the case for all the transformers.
A power distribution transformer (PT) is expected to have an operational lifespan of 30 years [3] [4] , thus the standard sizing practice contemplates the installation of oversized equipment to ensure a lower load level on the transformer until additional capacity is required to allow for future demand growth. This translates into (1) .
where P PT stands for the transformer power capacity, P contract is customer i 's contracted power, N is the expected number of customers, F safety is a safety margin of 1.5 to account for the power factor and for future load growth, P over is the oversized power capacity defined by the standard size of the transformer that is available for commissioning and C diversity is a diversity (or simultaneity) coefficient which is usually defined by:
C diversity ¼ 0:2 þ 0:8 ffiffiffiffi N p ; for residential customers; (2) C diversity ¼ 0:5 þ 0:5 ffiffiffiffi N p for commercial customers;
In a distribution grid the standard practice [5] is to size transformers without consideration for future PV electricity production [2] . Given that the installation of PV systems in buildings in urban environments is growing, present and future local distribution grid ought to consider PV generated electricity input in a scenario of high penetration [6] . A literature review of PV impact studies on the power quality of distribution networks is presented in Ref. [7] , along with the simulation of the potential impact of distributed rooftop PV generation on a low-voltage network in New Zealand, using Geographical Information Systems (GIS). It was found that the hosting limit for PV on urban networks is around 45%, although in most cases the overvoltage would not be much higher than the statutory limit. In Ref. [8] , network details from the city of Corrientes, Argentina, are used to simulate the optimum conditions for the connection of PV systems to the grid. The temporal distribution of voltages in each node of the power network, distribution of currents in power lines, the energy supplied to each user, etc., shown that both penetration levels of PV in the power network and interconnection points must be evaluated to avoid detriment in the quality of service of energy supply. A similar study was carried on in Ref. [9] for the low-voltage network in the region of Queensland, Australia, concluding that the range of maximum rooftop PV hosting capacity per customer is between 1.6 and 5 kV AA. Another research considered the urban distribution network of Maribor, Slovenia, to experimentally analyse the power quality of PV systems connected to it [10] . In this case, including distributed generation operating with low power output could compromise voltage quality, violating harmonic distortion requirements. Maximum PV penetration levels to avoid power quality control issues vary amongst literature, as reviewed in Ref. [11] .
Nonetheless, the potential of distributed generation might represent a means of supplementing network capacity, therefore postponement of substantial investment on expansions or upgrades of the distribution systems, such as acquiring new power transformers [12] . However, as high PV penetration affects the operations of distribution networks that they are connected to, network reinforcements are still required and ought to be done in a cost-effective manner. In Ref. [13] , an heuristic optimization method is proposed to maximize power supply reliability and quality whilst minimizing line losses and investment cost. The combination of control variables, such as line switch and feeder reconfiguration, line upgrading, construction of a feeder and/or a transformer substation, encompass the optimal long-term investment strategy and network arrangements in the planning period [4] . focused on how grid connected PV would affect utility transformers' lifespan. The authors confirm that the maximum PV penetration level depends on the load curve and the irradiation levels on site, with high irradiation sites showing a smaller hosting capability due to transformer overload, but a potential above 60% for losses reduction at the transformer. Load profiles of commercial buildings might prevent excessive aging of the transformers, whereas residential load profiles are innocuous. It is also highlighted that deferring equipment replacement may occur, although proper tuning between generation and demand is crucial, otherwise large-scale PV penetration might be harmful to the system's assets. Although, the infrastructure costs traditionally include the cost of transformer, cables, etc., and the operation costs include the cost incurred due to losses in the network, thanks to new possibilities such as demand-side management and distributed generation, the investments are no longer limited to electrical equipment alone, as shown in Ref. [14] . In this study, simulations considering a typical medium-voltage network in Wallonia, Belgium, shown that a significant impact on the total cost of the network by using load and generation flexibility will be realized when the network infrastructure is mainly dimensioned by the peak.
None of the previous studies, however, provides a method for the distribution network operators to straightforwardly account for the PV potential in the long-term transformer sizing of a new built area. Hence, in this study, the power gap P GAP was estimated to indicate if there is enough spare capacity for accommodating all the PV generation or if the transformer should be upgraded at some point in the future. Since part of the building's energy demand will be supplied by PV, the power gap may be defined by:
where and PV is the generated PV electricity and P demand is the local power demand. Consequently, a positive gap means that PV may be accommodated without any upgrades to the grid, whilst a negative gap indicates that the local grid would require upgrade if all this PV was to be installed and connected to the grid. Considering the factors F safety and P over , the transformers' capacity is expected to be highly oversized by default, hence no power losses were considered in the balance. Moreover, no special focus on the network details or voltage issues is given in this study.
The main goal of this work is to understand the power balance on urban distribution transformers and the changes in power capacities that may be needed if the total PV potential of the buildings in a suburb is considered. Two different approaches for PV potential estimation are compared: one requires less data but might be less accurate, while the other is more computationally intensive as it performs hourly calculations and considers shading. Moreover, special emphasis is given to the consequences of including building façades in the deployable PV potential, instead of rooftop PV systems only. A F pv factor to account for PV generation in the sizing of urban distribution transformers is proposed, which, to the authors' knowledge, has not yet been documented in the literature.
Methodology
This section firstly describes the case-study urban area (2.1) where the methodology was employed and the data that was used. Then, the two approaches for solar PV potential estimation are described in detail (2.2) -the Peak power method (2.2.1) and the Irradiance method (2.2.2) -and the local electricity demand is characterised (2.3).
Case-study
This study considers the area of Alvalade in the city of Lisbon (Portugal, 38.71 N 9.14 W). The data available includes the power capacity of all transformers as well as georeferenced polygons representing the building footprints (Fig. 1A) including information on the heights and number of floors of the respective buildings.
In the absence of information of the grid network data describing the interconnections between buildings and transformers, it was assumed that each transformer has its own influence zone. The zones of influence (Fig. 1B) were computed as the area delimited by Thiessen polygons (i.e. polygons whose boundaries define the area that is closest to each point relative to all other points) using the points that correspond to the location of the transformers (red dots in Fig. 1 B) . Then, the building polygons whose centroids (i.e. the arithmetic mean position of all the points in each polygon) fall inside an influence zone are assigned to the respective transformer. Using the centroids of the building polygons assures that each one has only one connection and, therefore, belong to one single influence zone.
Solar PV potential
Two distinct methodologies were employed for the assessment of the solar potential. One is straightforward and considers the available area and the PV module peak power (2.2.1), while the second computes hourly solar radiation considering mutual shading and typical meteorological conditions (2.2.2). It is important to highlight that two scenarios for the PV potential will be evaluated: a rooftop only scenario and a rooftop plus façades scenario, to incorporate the value of off peak electricity generation from façades discussed in Ref. [15] .
Peak power method
In this approach, it is assumed that at each hour the maximum PV generation equals the maximum installed peak power, i.e. it disregards the fluctuation of irradiance during the day, the tilt and orientation of building surfaces, and different contributions from the direct and diffuse components of solar radiation. Therefore, the hourly PV generation calculated through this method is constant throughout the hours and the year, depending solely on the available area on rooftops and façades. It is expected to overestimate the PV potential since no mutual shading is taken into account.
Assuming typical 1 m 2 c-Si panels with P p ¼ 150 W/m 2 peak power, the PV generation potential for each influence zone z at time t may be determined by using Eq. (5):
where PR is a performance ratio (0. It ought to be highlighted that the footprint segments that are shared by two buildings required special attention, otherwise the installed peak power on façades would have been grossly overestimated.
Irradiance method
To accurately investigate the transformer spare capacity for accommodating all potential PV electricity generation in the case study, one needs to know when the PV production is expected to peak. As the peak of production depends on azimuth and slope of the building surfaces, different transformers will feature peak electricity injection at different times of the day. The existence of large façade areas ought to further peak production shifting.
A more detailed method had to be followed in this case. The Irradiance method consists on an hourly time step solar irradiance simulation, which allows for the detection of the moment of highest injection of PV generated electricity into the grid. The estimation of hourly solar irradiance in façades followed an approach that is more complex than the rooftops'.
2.2.2.1. Rooftops. The SolarAnalyst [16] extension for ArcGIS ® , one of the most commonly used GIS software, was employed for the hourly solar irradiance simulations. As input, SolarAnalyst requires a digital surface model (DSM), site latitude, sky size and radiation parameters such as Transmissivity and Diffuse proportion. Based on these data, the model accounts for atmospheric effects, as well as site latitude and elevation, steepness (slope) and compass direction (aspect), daily and seasonal shifts of the sun angle, and effects of shadows cast by surrounding topography.
Using a 1 m 2 resolution LiDAR derived DSM of the area and the diffusion portion and transmissivity assessed for each month, the total amount of incoming solar radiation was calculated for each location of the DSM, following the approach reported in Ref. [17] . Then, using the building footprints, the total solar radiation in each rooftop was determined for each hour.
Façades. Since the SolarAnalyst extension
is not yet capable of handling full-3D solar irradiance simulations, another tool had to be used to estimate the PV potential in façades. Following a parametric approach like in other studies on the solar irradiance in the built environment [18] , the building footprints were imported into the CAD software Rhinoceros3D ® [19] and extruded to their respective heights (Fig.2) using the capabilities of the integrated graphical algorithm editor Grasshopper™. Then, employing the plug-in LadyBug [20] (a widely known package of components used for energy simulation that rely on several EnergyPlus [21] validated models) the hourly solar irradiance in the vertical surfaces was computed [22] . explains the radiation model and simulation workflow behind the tool. This step had to be performed inside a loop that cycled through a total of 550 buildings and a nested loop for the hourly irradiance calculation, otherwise the software would crash due to the huge amount of building geometries. The reader is referred to [23] for more about modelling the solar potential in the urban context. For simplicity, four reference days were considered in the hourly simulations: the 21st of March, June, September and December. The irradiance results were input into Eq. (6) to estimate the PV potential, again assuming standard 1 m 2 panels with 15% efficiency.
where PV 2 means the PV generation potential [kW] for a transformer influence zone z, at hour t, I h is the total hourly solar irradiance received by considered building surfaces in the influence area [kW], h is the efficiency of the panels (0.15) and PR is a performance ratio (0.85).
Power demand
In the absence of real metered data, an estimate for the power demand by transformer influence zone at a given hour was derived using the reference consumption profiles for low voltage clients in class C (contracted power below 13.8 kV A) for 2017 [24] and knowing that average yearly electricity consumption in the city of Lisbon is around 1300 kWh/year/person [25] . The profiles are estimated and published by the national transportation grid operator every year for billing purposes, and are applied to customers who do not own a net metering device. P demand; b ðtÞ ¼ N p;b Â P demand; ref ðtÞ;
where P demand;b ðtÞ is the electricity consumption [kW] in building b at hour t, N p; b is the number of residents in building b (Fig.2, top) and P demand; ref ðtÞ is the value of the reference electricity demand at hour t [kW] (Fig.2, bottom) . The reference demand profiles are typical of residential buildings: baseline consumption in the late-night time, rapid increase in the early morning, a slight peak around noon and a more pronounced ramp in the early evening. Although some of the buildings in the case-study area might be of mixed use, the overall aggregation of loads is expected to produce a profile that is closer to a residential profile. It can be observed that the loads are the highest in December (purple line), due to higher lighting and heating needs. The profiles for June and September are quite similar, probably due to the recent tendency for summer weather to extend into autumn months.
Results
In this section, the results from both Peak power method and Irradiance method are compared for two distinct scenarios: one considers just the rooftop PV potential (3.1), whilst the other includes façades (3.2).
According to the Irradiance method, the transformers will suffer the highest PV electricity injection at midday of June 21st in the rooftop only scenario and at 10am of September 21st in the rooftop plus façades scenario (Fig. 3, top) . The addition of façades widens the period of electricity production and shifts the peak towards the morning period, except in December when this peak is shifted towards the afternoon. The PV potential is more than doubled when façades are included and greatly surpasses the electricity consumption during daytime, which is more difficult to achieve if PV is installed solely on the rooftops.
The overall transformers spare power is always positive for the four reference days in the rooftop only scenario, therefore the transformers are able to always accommodate the rooftop PV power, although particular transformers might be faulty. However, the same is not true when façades are included, most significantly from 8am to 3pm in June and September, when, due to the vertical inclination and larger area, they produce more electricity.
Rooftops only
The maximum hourly PV potential determined by the Irradiance method for all rooftops reaches about 10 MW, which corresponds to 62% of the total transformer power capacity (16.1 MW).
In Fig. 4 , the power gap for individual transformers is represented as determined by the Peak power method (Fig. 4A) and by the Irradiance method (Fig. 4B) . The warm colours in the figure indicate insufficient transformer reserve capacity, while white corresponds to spare capacity. The overall capacity gap is 68% and 86%, respectively, which means that apart from a few local failures the grid is resilient and has enough reserve capacity to accommodate peak electricity generation from rooftop PV. In fact, only one transformer presents a significant issue. This transformer has 160 kV A of capacity, which is too low to accommodate a very high PV potential. However, instead of upgrading the faulty transformer, the surplus of the neighbouring transformers suggests that the interconnections ought to be optimized so that the surrounding transformers could each one take part of the electricity feed in, which would represent a more affordable solution.
Roo ops Façades and roo ops
The relationship between results of the two methodologies is quite linear, with an overestimation of around 1% by the Irradiance method and a bias of 96 kW. This means that for electricity balance purposes the computational effort required to perform an hourly solar irradiance analysis on rooftops can be avoided to a certain extent, as the PV potential on the variety of rooftop slopes and azimuths seems to dilute into the potential of flat and horizontal surfaces, as proposed in Ref. [26] . Thus, it can be argued that the Peak power method considering the bias may be sufficiently accurate when only rooftop PV is considered.
The differences between the electricity balance obtained through both methodologies in terms of absolute difference can be easily grasped from Fig. 5A . Higher differences seem to be related to a larger number of sloped rooftops, which are considered by the Irradiance method but not by the Peak power method. The fact that no shading events can be reproduced by the Peak power method may also justify the lower differences. Moreover, larger influence zones tend to feature higher differences than smaller areas. Fig. 5B shows how large these differences are when compared to the present nominal capacity of the transformer. It can be observed that the higher the number of buildings that are connected to a smaller transformer (Fig. 1C) , the higher the difference between methodologies. For instance, taking the zone coloured with the darkest blue (southwest corner) and the value of 84% of relative difference, this presents a situation where the methodology could highly mislead an upgrading process.
Façades and rooftops
With the addition of building façade potential, the impact on the transformer grid changes dramatically. The maximum hourly PV potential determined by the Irradiance method now becomes 28 MW, which is twice the whole transformer power capacity. As for the Peak power method, the result became 73 MW, highly overwhelming the total grid capacity.
As expected, the transformers that feature the most significant failures when only the rooftops were considered (Section 3.1) are the most affected by the addition of the electricity produced by PV façades (Fig. 6 ). There are however some zones that can still accommodate this production, where there are relatively fewer buildings with low energy consumption and/or smaller rooftops.
The dispersion of results between the two approaches is higher when the facades are taken into account. A linear regression with a lower correlation (R 2 ¼ 0.40) shows an average 70% overestimation of the Peak Power method with a more pronounced bias of 202 kWh, since the PV production by façades is highly overestimated by the simpler approach. Fig. 7 illustrates how superior the results from the Irradiance method are in comparison to the Peak power method and how this difference translates into the respective transformer power capacity. When the PV production from façades is added into the transformer balance equation, an hourly calculation considering the surrounding building becomes relevant, since in the worst case such difference would represent 814% of the transformer capacity (zone coloured in red in Fig. 7B ). Moreover, after the individual transformer balance analysis, the Irradiance method points out that with the addition of façades the overall transformer grid has no spare capacity to accommodate such high electricity production, thus the upgrade of almost all the transformers would be essential, regardless of few changes in neighbor transformer interconnections.
Discussion
The analysis of the power balance of the electricity distribution grid considering a scenario of high PV penetration, both on rooftops and façades, shows that in most of the cases the grid is not resilient enough. The overall grid balance is mostly negative with the addition of façade PV potential, although a few the interconnections between buildings and transformers could be optimized instead of upgrading the power capacity of the existing transformers, which could represent up to 20 times the current capacity. Hence some of the PV generated electricity that would represent overproduction for one transformer could be fed into a neighbor transformer with spare power capacity. It must be highlighted that the network of transformer connections is, in reality, expected to follow the geometry of streets orientation and buildings distribution, which is not grasped by the thiessen polygons assumed for the influence zones in this study. This simplification can be addressed in future studies if georeferenced data on the real grid network are available.
Although the influence zones that were assumed do not faithfully portray the true network of transformer-buildings connections, the observations regarding the contribution from the two methodologies explored are still valid. When the installation of PV system addresses only the rooftop surfaces it is legitimate to use the Peak power method (Subsection 2.2.1), thus saving time and computational resources. Nevertheless, the inclusion of building façade PV potential introduces dramatic changes that are not grasped by the simpler method, which requires an hourly analysis such as the Irradiance method (Subsection 2.2.2).
It is worth mentioning that the PV potential estimates from the Irradiance method also comprise some degree of uncertainty due to the lack of architectonic detail on the representation of the building surfaces. The spatial resolution of the DSM compromised a detailed analysis since it does not consider the presence of artefacts, such as roof overhangs, small chimneys, dormers, or antennas, and the number of buildings did not allow for the modelling of more accurate façade elements.
Results also highlight the importance of considering the potential deployment of photovoltaics in buildings when sizing local distribution grids. This could be achieved by introducing a new term to (1), the solar factor F pv , determined by the available surface area on rooftops and façades:
The solar factor may be determined empirically as (10) .
where P p is the typical square metre PV panel peak power (0.15 kW/ m 2 ), PR is a performance ratio (0.85) to account for temperature effects, A footprint is the total building footprints area at the location of interest, G is the average annual global irradiance on the horizontal plane [ This solar factor deals with variables of straightforward knowledge that characterize the urban solar access at a specific site, similarly to [28] . The term 0.38 and the constant þ140 represent the linear regression (R 2 ¼ 0.75) and bias between the PV potential estimated by the Irradiance method and the Peak Power method, and account respectively for the site's latitude, i.e. the variable solar height in the course of the year, and the subsequent shading phenomena due to the urban layout and diversity of building heights. Of course, the PV power per unit area, P p , and the performance ratio, PR, are independent of location. Moreover, the total building footprint area shows a strong correlation (regression coefficient of 4.3 with R 2 ¼ 0.93) with the available surface on building surfaces, which is embedded in the final term 0.21, and the meteorological conditions of the site are introduced by the ratio between average irradiance and the reference irradiance for the specific location analyzed in this study. This approach can, therefore, be employed anywhere in the world where the building footprints area and average global horizontal irradiance are known.
Conclusions
The solar PV potential of rooftops and building façades in a small area was estimated through two different approaches, in order to study the power balance of the distribution grid in a future scenario with high PV penetration. The first approach, the Peak power method, considers installed PV peak power and the annual average demand, and thus depends solely on the building rooftop and/or façade area whilst the second, the Irradiance method, performs an hourly time step solar irradiance and uses demand simulations or real data.
It is shown that the grid becomes locally less resilient with massive PV deployment hence the sizing of the urban power transformers ought to consider future deployment of solar photovoltaics in buildings. If the available building surfaces are solely rooftops, the simple and straightforward Peak Power method represents a legitimate way of getting good estimates of future PV production while avoiding excessive computational effort. If building façades are available for the commissioning of PV systems, -6500 >0 the Irradiance method should be used instead. This second scenario is expected to be relevant at a medium term, when PV costs reach low enough levels to enable PV deployment in less favourable conditions. A solar PV factor was proposed to account for future deployment of PV systems in urban environments, which relies on variable of forthright knowledge such as the buildings footprint area and the site's average global solar irradiance. 
